Erkennung und Differenzierbarkeit von Prostatakrebs in der diffusionsgewichteten Bildgebung (DWI); Vergleich der Ergebnisse mit originalen DWI-Bildern und konventionellen Apparent Diffusion Coefficient (ADC)-Karten. This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited. dataset exponential ADC maps (eADC), computed DWI images (cDWI), and additionally eADC maps for computed b-values of 2000 and 3000 s/mm² were generated (c_eADC). For each of 123 lesions, the contrast (CR) and contrast-to-noise ratio (CNR) were determined. Differences in the CR and CNR of malignant lesions (n = 83) between the different image types and group differences between benign (n = 40), lowrisk (n = 53) and high-risk (n = 30) lesions were assessed by repeated measures ANOVA and one-way ANOVA with post-hoc tests. The ability to differentiate between benign and malignant and between low-risk and high-risk lesions was assessed by receiver operating characteristic (ROC) curve analyses.
Introduction
Magnetic resonance imaging (MRI) has become the most powerful imaging technique in prostate cancer diagnosis and has been successfully established in the clinical routine [1] . MRI with subsequent targeted biopsies has been shown to more accurately detect significant prostate cancer than any other technique [2] . Furthermore, a negative predictive value of up to 97 % was reported for clinically significant prostate cancer [3 -5] . According to current imaging recommendations, multi-parametric prostate MRI (mpMRI) is based on assessment comprising T2 weighted (T2w), dynamic contrast-enhanced (DCE) and diffusion-weighted imaging (DWI). According to the PI-RADS V2 classification [6, 7] , DCE only plays a minor role, while T2w imaging and DWI provide the major criteria for the diagnosis of a clinically significant prostate tumor.
An important characteristic feature of prostate cancer is the T2 hypointensity relative to the normal glandular tissue. In contrast to malignant tumors in other parts of the body, T2 relaxation time is shortened in prostate tumors due to the loss of glandular function in cancerous tissue. This causes an "inverse" T2 shinethrough effect in prostate DWI. In conventional prostate DWI using maximum b-values of 800 -1000 s/mm², diffusion and T2 effects can cancel each other out so that malignant tissue is not always clearly visualized [8] . Two recent studies demonstrated that the sensitivity of tumor detection in DWI was improved when a b-value of 1500 or 2000 s/mm 2 instead of 1000 s/mm 2 was used [9, 10] . The acquisition of ultra-high b-values, however, requires an increase in the echo time and has the drawback of an inherently low signal-to-noise-ratio (SNR) [11] . Moreover, these images are prone to severe eddy current distortions caused by the strong motion-sensitizing gradients. Blackledge et al. developed a method for generating high-b value images without actually acquiring them [11] . With this method called computed DWI (cDWI), images with ultra-high b-values are obtained by extrapolation of the signal intensities at lower b-values. The benefit of this approach is a better SNR, a reduction of artifacts and a shorter acquisition time compared to actually acquired high b-value images [10, 12] . First studies have already shown an enhanced lesion-tobackground contrast and contrast-to-noise ratio in prostate imaging with cDWI at b-values > 1500 s/mm 2 compared to the conventional apparent diffusion coefficient (ADC) and compared to the acquired DWI at the same or lower b-values [13 -17] . Recently, Park et al. applied a different approach called exponential ADC (eADC) to prostate imaging, again with the aim of avoiding the T2 shine-through effect [18] . The idea of eADC, which was already proposed in 1999 by Provenzale et al., is to normalize DWI images to the signal intensity at b = 0 [19] . The obtained images should in principle be free of T2 effects. In a pilot study by Park et al. in which only peripheral zone lesions were analyzed, a significant increase in lesion-to-background contrast ratio of eADC compared to conventional ADC was observed [18] . Further data on the value of eADC in prostate imaging is lacking.
The aim of our study was to directly compare the conspicuity and discriminability of prostate cancer in cDWI and eADC images in a large set of clinical DWI data, and to compare the results to original DWI images and conventional apparent diffusion coefficient (ADC) maps. Additionally, exponential ADC maps for the computed high b-value DWI images were also generated and included in the evaluation.
Materials and Methods
Subjects DWI datasets of 104 consecutive patients with clinical routine MRI of the prostate who subsequently underwent MR-guided prostate biopsy were retrospectively analyzed. In total, 123 lesions with histological workup of MRI-guided in-bore biopsy were analyzed. In cases in which more than one core was taken per lesion, the highest Gleason score reported for the lesion was used for lesion classification. Prostate cancer was proven in 83 lesions with a Gleason score of 6/7a/7b/8/9 in 20/33/11/16/3 cases, respectively. 40 lesions were classified as benign tissue in histopathology. 46 malignant and 11 benign lesions were located in the peripheral zone (PZ), 37 malignant and 29 benign lesions were located in the transitional zone (TZ) or the central zone (CZ).
MRI technique
All examinations were performed on clinical 3.0-T MRI systems equipped with dual-source RF transmission technology (Ingenia, 3.0 T; Philips Healthcare, Best, The Netherlands; gradient system: 80 mT/m maximum amplitude, 200 T/m/s maximum slew rate) using a 32-channel torso coil with a digital interface for signal detection. A standardized spin-echo echo-planar DWI sequence (TR = 5000 ms, TE = 53 ms) with three b-values of 0, 50, 800 s/ mm² was acquired with diffusion gradients applied in three orthogonal directions. The number of signal averages of the images was 4 for b = 0 and 50 s/mm² and 9 for b = 800 s/mm². Isotropic DWI images were directly computed on the scanner. Spectral attenuated inversion recovery was used for fat suppression. Further sequence parameters were: field of view = 320x320 mm², slice number/thickness/gap = 24/4 mm/0 mm, acquired in-plane resolution = 2x2 mm², echo-planar imaging factor = 65, half-Fourierfactor = 0.6, parallel imaging with sensitivity encoding factor = 3, total acquisition time = 3:38 min.
Postprocessing
Based on the original DWI images, the following conventional ADC maps were computed: ▪ ADC 0_800 = (ln(S 0 )-ln(S 800 ))/800 and ADC 50_800 = (ln(S 50 )-ln (S 800 ))/750, with S 0 , S 50 and S 800 representing the signal intensities at b = 0, b = 50 and b = 800 s/mm². ▪ From ADC 0_800 and ADC 50_800 , computed DWI images were generated at b = 2000 and b = 3000 s/mm²: cDWI b_A = S 0 *exp (-ADC 0_800 *b) and cDWI b_B = S 0 *exp(-ADC 50_800 *b).
To obtain exponential ADC maps, the signal intensity at b = 800 s/ mm² was normalized to S 0 : ▪ eADC = S 800 /S 0 [19] .
In analogy to the eADC of the original DWI data, the cDWI images were also normalized to the signal intensity at b = 0, yielding a computed exponential ADC:
For each lesion, two regions-of-interest (ROIs) were drawn on the conventional ADC maps and then copied to the calculated and acquired DWI images. The first ROI was placed within the lesion in the hypointense-appearing area of the ADC map. The second ROI was placed in the corresponding contralateral segment as a reference ROI. In cases in which this contralateral segment also showed abnormalities, the reference ROI was placed in healthyappearing tissue of the same anatomical zone as the lesion (PZ or TZ/CZ). For each lesion, mean signal intensities in the lesion ROI (S lesion ) and in the reference ROI (S normal ) as well as the standard deviation of the reference ROI (SD normal ) were recorded. Lesion conspicuity was quantified by the contrast ratio (CR) and the contrast-to-noise ratio (CNR) which were defined as ▪ CR = (S lesion -S normal )/ (S lesion +S normal ) and ▪ CNR = (S lesion -S normal )/SD normal [13, 15] .
All postprocessing steps including the ROI analyses were performed using in-house software written in MATLAB (The MathWorks, Inc., Natick, MA).
Statistical Analyses
To test for significant differences in CR and CNR between ten different image types (DWI 800 (= S 800 ), ADC 0_800 , ADC 50_800 , eADC, cDWI 2000_A , cDWI 2000_B , cDWI 3000_A , cDWI 3000_B , c_eADC 2000 and c_eADC 3000 ), a repeated measures analysis of variance (ANOVA) was performed. For this part of the analyses, only malignant lesions (Gleason score ≥ 6, n = 83) were included.
In a second step, a one-way ANOVA with post-hoc Bonferroni/ Games-Howell correction (equal/non-equal variances) was performed to test for group differences between benign (n = 40), low-risk (Gleason score 6 and 7a, n = 53) and high-risk (Gleason 7b, 8, 9, n = 30) lesions. In addition to the CR values obtained for the ten different image types, the absolute values of the conventional ADCs were also included in this analysis.
Finally, receiver operating characteristic (ROC) curve analyses were performed to assess the ability to differentiate between benign and malignant and between low-risk and high-risk lesions. Again, CR values as well as the conventional ADC values were included in the analysis.
All statistics were performed in SPSS (IBM, Armonk, NY) and MedCalc (Ostend, Belgium).
Results
Image examples of the original DWI images and the generated maps are shown in ▶ Fig. 1 . 15 out of 83 malignant lesions had a CR ≤ 0.05 in the DWI 800 image. In these cases the tumor was inconspicuous or hardly noticeable in original DWI 800 due to an inverse T2 shine-through effect, while the lesion was noticeable in ADC and cDWI images.
The repeated measures ANOVA revealed a significant association of CR and CNR with the image type. The post-hoc tests showed significant differences in CR values between all ten image types with the exception of non-significant differences between cDWI 2000_A and cDWI 2000_B and between cDWI 3000_A and cDWI 3000_B . The CR values were highest for c_eADC 3000 followed by the CR values of cDWI 3000 , c_eADC 2000 and cDWI 2000 . The CR values of the conventional ADC 0_800 and ADC 50_800 were significantly lower than the CR values of all computed DWIs and computed eADCs. The CR values of conventional ADCs were minimally but significantly higher than the CR values of the related eADC. The lowest CR values were obtained for original DWI 800 ▶ Fig. 1 Original and computed DWI images of a 72-year-old patient with histopathologically confirmed prostate cancer in segment 6 p (Gleason score 7a). The decrease of the T2 relaxation time in the tumor is noticeable in the b0 image (arrow). Due to the "inverse" T2 shine-through effect, cancerous tissue with restricted diffusion appears inconspicuous on b800 images. The lesion is noticeable in conventional ADC maps, but more conspicuous on all cDWI and c_eADC images due to the high contrast between the lesion and the surrounding prostate tissue. Note that background suppression was applied to all cDWI and eADC maps (based on signal intensities in b0, b800 and ADC 0_800 ).
▶ Abb. 1 Original und berechnete DWI-Bilder eines 72 Jahre alten Patienten mit histopathologisch bestätigtem Protatakrebs in Segment 6 p (Gleason Score 7a). Die verkürzte T2 Relaxationszeit im Tumor zeigt sich im b0 Bild (Pfeil). Durch den "inversen" T2 Durchscheineffekt erscheint das tumoröse Gewebe mit eingeschränkter Diffusion im b800 Bild unauffällig. Die Läsion ist in der konventionellen ADC-Karte erkennbar, sticht in allen cDWI und c_eADC Karten aufgrund des hohen Kontrastes zwischen Läsion und umgebendem Prostatagewebe jedoch noch deutlicher hervor. Bei der Erstellung der cDWI-und eADC-Bilder erfolgte eine Hintergrundunterdrückung (basierend auf den Signalintensitäten in b0, b800 und ADC 0_800 ).
(▶ Fig. 2a ). In the original DWI 800 images, even negative CR values were found in 7 cases.
▶ Fig. 2b shows the results of the CNR analysis. The CNR was also markedly higher in all cDWI and c_eADC images compared to conventional ADC, eADC and original DWI 800 images. In contrast to CR, there was no significant difference in CNR between the cDWIs and the related/associated c_eADCs. The CNR in eADC images was significantly higher than in conventional ADC maps and in original DWI 800 images. No significant differences were found between DWI 800 and ADC 0_800 and between ADC 0_800 and ADC 50_800 .
The assessment of group differences between benign (group 0), low-risk (group 1, Gleason score 6 and 7a) and high-risk (group 2, Gleason score 7b, 8, 9) lesions revealed a significant association of the investigated parameters (CR values of the ten different image types and absolute ADC values) with the lesion groups (▶ Table 1 ). There was an increase in the CR values in all image types from group 0 to group 1 to group 2. The group differences between benign and malignant and between low-risk and highrisk groups were significant with the exception of CR in DWI 800 and ADC 50_800 images. In DWI 800 images only the difference between the benign and the high-risk group and in ADC 50_800 maps only the difference between benign and the two malignant groups was statistically significant. For the absolute ADCs significantly higher values were found for the benign group compared to the two malignant groups, but differences between the two malignant groups were not significant.
The ROC analyses revealed that benign (n = 40) and malignant (n = 83) lesions can be best discriminated by the absolute ADC 0_800 and by the CR of ADC 0_800 (area under the curves AUC = 0.868 and AUC = 0.849, respectively), followed by the absolute ADC 50_800 and by the CR of ADC 50_800 (AUC = 0.844 and AUC = 0.828, respectively). The AUCs for the CRs of all cDWIs, c_eADC and eADC images were all in the range of 0.761 to 0.799. However, a markedly lower value was found for the CR of DWI 800 (AUC = 0.643). All results are listed in ▶ Table 2 .
For the differentiation between low-risk (n = 53) and high-risk (n = 30) lesions, the highest AUC was found for the CR of c_eADC 3000 (AUC = 0.711), followed by CR of c_eADC 2000 and CR of eADC (AUC = 0.706 and AUC = 0.700, respectively). The AUCs for the CRs of all cDWIs were lower and quite similar (between 0.660 and 0.692). The ability to discriminate high-risk and lowrisk lesions by the CR of ADC 0_800 and ADC 50_800 was worst (AUC = 0.657 and AUC = 0.636, respectively) and not possible for the absolute ADC values (see ▶ Table 3 ).
Discussion
In this study the conspicuity and discriminability of prostate cancer was evaluated by direct comparison of computed DWI images, standard eADC maps, conventional ADC maps, and computed eADC maps, which has not yet been investigated. The main results were: Computation of DWI images and eADC maps at b-values of 2000 and 3000 s/mm² clearly improves the conspicuity of prostate cancer compared to original DWI images with b = 800 s/ mm², and also compared to conventional ADC and exponential ADC maps at lower b-values. Exponential ADC maps yielded an improved lesion-to-normal contrast ratio over original DWI 800 images, but there was no clear benefit over the conventional ADC maps. Differentiation of benign and malignant lesions was best for conventional ADC values and CR values of conventional ADC. However, for the discrimination of low-risk from high-risk lesions, CR values of c_eADC were best suited followed by the CR values of cDWI.
There are a few studies with smaller sample sizes that investigated the use of computed DWI in prostate MRI. However, none of those presented a direct comparison between cDWI and eADC for the detection and discrimination of prostate cancer. Furthermore, there is no previous study investigating the use of computed eADC maps.
Based on the existing literature, an increase in lesion-to-normal contrast and contrast-to-noise ratio compared to conventional ADC is only expected with acquired or computed DWI images at b-values higher than 1500 s/mm² [13, 14, 16, 20, 21] . cDWI images compared to original DWI images at the same b-value featured a reduced artifact level with similar or better CR and CNR values without additional acquisition time on top of the scan time used to obtain DWI with standard b-values [10, 12, 15, 17, 21] .
Feuerlein et al. analyzed cDWI data of 14 patients with computed b-values up to 4000 s/mm² and observed an increase in CNR with higher b-values [13] . They recommended the computation of cDWI images with a b-value of at least 2000 s/mm² for a significant improvement in tumor conspicuity compared to conventional ADC. On the other hand, Maas et al. noted that extremely high b-values may have some limitations in clinical practice because extremely high and low signal intensities in such images may exceed the dynamic range limits of common viewing systems [12] . This limitation may technically be overcome by the use of a memory depth of 16 instead of 12 bit. However, it remains questionable whether a further numerically detectable increase in contrast-to-noise with extremely high b-values is in fact visually noticeable, since the intensity of the normal prostate tissue is already very low at a b-value of 2000 s/mm². Vural et al. computed cDWI images with b-values of 1500, 2000 and 3000 s/mm² in 28 patients [16] . Compared to cDWI 2000 , they found higher CR values for cDWI 3000 images but equal lesion detection rates. Visual assessment of lesion conspicuity revealed no significant differences between cDWI 2000 and cDWI 3000 images. However, cDWI 2000 images provided a better anatomical delineation and were chosen as the most preferred image set. Rosenkrantz et al. computed b-values up to 5000 s/mm² and analyzed the lesion-to-peripheral-zone contrast in 49 patients. Again, contrast increased with the b-value, but anatomic clarity and visualization of the capsule decreased. Sensitivity for tumor was highest at b = 1500 to 2500 s/mm² [14] . Motivated by the results of these studies, we computed cDWI images and also c_eADC maps at b = 2000 and 3000 s/mm² for comparison to original DWI images with b = 800 s/mm², to conventional ADC maps, and to exponential ADC maps. We found improved conspicuity of prostate cancer for the cDWI images. Compared to b = 2000 s/mm², a further increase in CR and CNR was found for b = 3000 s/mm² in agreement to the previous studies [14, 16] .
The group of Ueno et al. compared cDWI 2000 images computed from six different combinations of acquired b-values [15] . For b-value combinations of b = 0, 100, 500 with b = 1000 s/mm², similar CR values, image quality and lesion conspicuity were obtain-▶ ed, which was worse for b-value combinations of b = 0, 100 with b = 500 s/mm². In our study, we investigated two combinations of b-values (b = 0 with 800 and 50 with 800 s/mm²) based on our standard DWI protocol for prostate examinations, and we also obtained very similar results for both variants with respect to CR and CNR. Interestingly, although we did not observe an increase in CR in eADC images (at b = 800 s/mm 2 ) compared to conventional ADC, exponential ADC images of the computed high b-values led to a slight further increase in CR compared to related cDWI at the same b-value. This result suggests that c_eADC images may be the method of choice to detect prostate cancer with DWI. However, a drawback of eADC and c_eADC maps is the presence of high signal intensities in non-prostate tissue due to the division by S 0 , which is low in tissue surrounding the prostate. This may hamper the detection of small lesions close to the rim of the prostate. Since most prostate cancers are located in the peripheral zone [22] , the development of methods for proper suppression of tissue surrounding the prostate would probably enhance the general applicability of c_eADC.
In the second part of the analyses we investigated whether the generation of cDWI images and eADC and c_eADC maps has an advantage over the conventional ADC and original DWI with b = 800 s/mm² for the differentiation of benign and malignant lesions, and to classify malignant lesions into low-risk and high-risk lesions based on the DWI data. Conventional ADC values and CR values of conventional ADC were best suited for the differentiation between benign and malignant lesions (based on the Youden index an ADC 0_800 ≤ 911 s/mm² yielded the maximum sum of sensitivity (74.7 %) and specificity (87.5 %) in this study). For the classification of lesions into low-risk and high-risk lesions, the quantification of CR for c_eADC and cDWI yielded higher AUCs than conventional ADC values and CR values of conventional ADC. This finding is in principle of high clinical relevance since watchful waiting has become an important option for the management of low-risk prostate cancers [23, 24] . However, a valid differentiation between low-and high-risk lesions in the individual case is still not possible even with computed c_eADC or cDWI. Also Agarwar et al. investigated the ability of cDWI to identify low-risk lesions based on DWI data. They analyzed cDWI data of 42 patients with b-values up to 4000 s/mm² and suggested cDWI with a b-value of 1600 -2000 s/mm² as a mean for the selection of active surveillance patients (maximum AUC of 0.75) [20] .
These results suggest the following workflow: First, cDWI 2000 or e_ADC 2000 images (if proper background suppression is applied) should be read for the detection of suspicious lesions (similar to the inspection of original high-b DWI images in other organs like the brain). Then, the actual ADC value of a suspicious lesion should be measured to aid differentiation between benign and malignant lesions.
Our study has several limitations. Only a small number of patients with a negative biopsy result received a follow-up in our institution so that false-negative classifications cannot be excluded. Moreover, CNR as determined in the present and in previous studies [13] represents only a rough measurement of the contrast-tonoise ratio as the standard deviation in the reference ROI is also influenced by tissue heterogeneity. The contrast measurements used for the quantification of lesion conspicuity is dependent on the ROI placement. If only hot spot analyses are performed (i. e. measurements are based on very small ROIs placed at the most ▶ Table 2 Results of the ROC analyses for differentiation of malignant (n = 83) and benign (n = 40) lesions based on the absolute value of ADC and CR in different image types. AUC: area under the curve with standard error (SE) and 95 % confidence interval (CI). Criterion is the threshold for which the sum of sensitivity and specificity is maximized. hyperintense area of the lesion), values of CR and CNR may be even higher. Furthermore, it should be noted that cDWI in general does not provide information equivalent to the measured DWI at the same b-value [12] . Only the actual acquisition of high b-values increases the accuracy for the quantification of low ADC values [25] and additionally makes it possible to obtain information about diffusion kurtosis [26] . Finally, prospective studies or retrospective analyses of MRI data with a complete histopathological workup after prostatectomy are required to test whether cDWI in fact increases the detection rate of malignant lesions compared to ADC. To date, this has only been performed by Vural et al. for different b-values but not in comparison to ADC or eADC [16] .
In conclusion, computed DWI images clearly improve the conspicuity of prostate cancer compared to original DWI images, conventional ADC and standard eADC maps calculated from the acquired DWI data. By computing eADC maps from cDWI images, the conspicuity was further increased. However, standard eADC maps did not show any benefit over conventional ADC maps. Conventional ADC 0_800 was best suited for discrimination between benign and malignant lesions, while computed eADC maps may be helpful for discrimination between low-risk and high-risk lesions.
CLINICAL RELEVANCE
Prostate cancer may be overlooked on original DWI images with b = 800 s/mm². Computed DWI images and eADC maps at b-values of 2000 and 3000 s/mm² clearly improve the conspicuity of prostate cancer compared to original DWI images and also compared to conventional ADC and exponential ADC maps at lower b-values. Benign and malignant lesions can be best discriminated by conventional ADC.
▶ Table 3 Results of the ROC analyses for the differentiation of malignant lesions into high-risk lesions (n = 30) and low-risk lesions (n = 53) based on the value of ADC and CR in different image types. See the caption of ▶ 
